Studies support the idea that uterine epithelia and their secretions have important biological roles in conceptus survival, elongation, and implantation in sheep. The present study evaluated the transcriptome of the uterine luminal epithelium (LE) and glandular epithelium (GE) and the conceptus and proteome of uterine luminal fluid (ULF) during the periimplantation period of pregnancy. Transcriptome (RNA-sequencing) analysis was conducted in LE and GE isolated from uteri of Day 10, 12, 14, 16, and 20 pregnant sheep by laser capture microdissection. In the LE, the total number of expressed genes increased between Days 10 and 20, whereas expressed genes in the GE increased from Days 10 to 14 and then decreased to Day 20. Most of the expressed genes in LE and GE from Days 10 to 14 are involved in cell survival and growth, whereas genes involved in cell organization and protein synthesis were most abundant on Days 16 and 20. Total expressed genes in the conceptus was greatest on Day 12, decreased to Day 16, and then increased to Day 20. Genes abundantly expressed in the elongating conceptus included IFNT, PTGS2, MGST1, FADS1, and FADS2, whereas SERPINA1, CSH1, and PLET1 were most abundant in the Day 20 conceptus. Proteins, identified by mass spectrometry, increased in the ULF from Days 10 to 16 and are involved in cellular reorganization or are proteases or chaperone proteins. These results support the idea that conceptus elongation and implantation is regulated by both extrinsic and intrinsic factors. This study provides critical information that serves as a foundation to discover new regulatory pathways governing uterine receptivity, conceptus elongation, trophectoderm differentiation, conceptus-endometrial interactions, and pregnancy establishment in ruminants.
INTRODUCTION
In sheep, the morula stage embryo enters the uterus between Days 4 and 5 of pregnancy and then forms a blastocyst that contains an inner cell mass and central cavity surrounded by a monolayer of trophectoderm [1, 2] . After hatching from the zona pellucida (Days 8 to 10), the hatched blastocyst slowly grows into a tubular or ovoid form and is then termed a conceptus (embryo or fetus and associated extraembryonic membranes) [1, 3] . The ovoid conceptus of approximately 0.5 to 1 cm on Day 11 begins to elongate on Day 12 and forms a filamentous conceptus of 10 to 15 cm or more in length by Day 14 that occupies the entire length of the uterine horn ipsilateral to the corpus luteum. Next, the elongated conceptus completes the process of implantation by firmly attaching and adhering to the luminal epithelium (LE). Conceptus elongation involves exponential increases in length and weight of the trophectoderm and onset of extraembryonic membrane differentiation, including gastrulation of the embryo and formation of the yolk sac and allantois, which are vital for embryonic survival and formation of a functional placenta [4] . Trophoblast giant binucleate cells (BNC) first appear in the sheep conceptus beginning on Day 14 and are thought to arise from mononuclear trophectoderm cells which undergo nuclear division without cytokinesis [5, 6] . By Day 20, BNCs make up 15%-20% of the trophectoderm. Migration of BNCs toward the LE, followed by fusion with individual LE cells, produces trinucleate fetomaternal hybrid cells [6] . Continued BNC migration and fusion, together with displacement and/or apoptosis of the remaining LE, gives rise to multinucleated syncytial plaques that cover the caruncles by Day 24 and are important for placentation in ruminants [5] [6] [7] .
Hatched blastocysts and trophoblastic vesicles do not elongate in vitro but do so when transferred to the uterus of either sheep or cows [8, 9] . The uterine gland knockout (UGKO) sheep model, which lacks glandular epithelium (GE) and has much reduced LE, exhibits a failure in conceptus elongation resulting in recurrent pregnancy loss and infertility [10] . Thus, uterine epithelia and, by inference, their secretions are essential for conceptus survival, elongation, and establishment of pregnancy in ruminants. Uterine luminal fluid (ULF) or histotroph is a complex mixture of proteins, lipids, amino acids, sugars, ions, and extracellular vesicles (exosomes/ microvesicles) derived primarily from the transport and/or synthesis and secretion of substances by the endometrial epithelia [11] [12] [13] [14] [15] . Ovarian progesterone drives spatial and temporal changes in uterine epithelial gene expression, including induction of conceptus elongation-and implantation-related genes after Day 10 that modify the ULF to stimulate conceptus elongation via effects on trophectoderm proliferation, migration, and attachment [16] . Microarray analysis of endometrium during the peri-implantation period, as well as candidate gene studies, identified many genes whose expression changes with the day and pregnancy status and, based on their known or inferred biological functions, are implicated in conceptus elongation and development [17] [18] [19] . Comprehensive knowledge of the endometrial epithelial and conceptus transcriptome and ULF proteome during the establishment of pregnancy is lacking in sheep but is important to understand conceptus elongation and pregnancy establishment [20, 21] . Therefore, the objective here was to profile gene expression in the uterine epithelium (LE and GE) and conceptus and proteins in the ULF during the peri-implantation period of pregnancy in sheep. The results provide critical information that serves as a foundation for future studies aimed at discovering new regulatory pathways governing uterine receptivity, conceptus elongation, trophectoderm differentiation, conceptus-endometrial interactions, and pregnancy establishment in ruminants.
MATERIALS AND METHODS

Animal Experiments
All procedures were approved by the Institutional Animal Care and Use Committee of Washington State University. Mature Columbia Rambouillet crossbred ewes (Ovis aries) were group housed, fed a total mixed ration, and observed for onset of estrus (designated Day 0). Ewes were mated to an intact ram of proven fertility on Days 0 and 1. On Days 10, 12, 14, 16 , and 20 post mating, ewes (n . 5 per day) were necropsied, and reproductive tracts were recovered. Both uterine horns were gently flushed with 20 ml of sterile phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.2) on Days 10, 12, 14, and 16 to obtain ULF and the conceptus(es). The state of conceptus development was assessed using a model SMZ1000 stereomicroscope (Nikon Instruments Inc.). The ULF was clarified by centrifugation (3000 3 g at 48C for 15 min). The supernatant was carefully removed with a pipet, mixed, divided into aliquots, frozen in liquid nitrogen, and stored at À808C. On Days 12, 14, and 16, the entire conceptus was frozen without removal of the embryonic disk. On Day 20, the embryo with allantois was removed before freezing the extraembryonic portion of the conceptus. Several sections (;0.5 cm) from the mid-portion of each uterine horn ipsilateral to the ovary were placed in optimum cutting temperature compound (Sakura Finetek USA, Inc.), frozen in liquid nitrogen vapor, and stored at À808C. Conceptus tissue was placed in a 1.5-ml tube, frozen in liquid nitrogen, and stored at À808C for subsequent RNA extraction.
Laser Capture Microdissection
Uteri frozen in optimum cutting temperature compound were cryosectioned (10 lm; model CM1950 cryostat; Leica Microsystems). Three tissue sections were mounted on RNase-free polyethylene naphthalate-coated slides (Carl Zeiss) and immediately placed on dry ice. Slides were fixed and stained immediately following sectioning, using previously described methods [22] . Briefly, slides were transferred from dry ice into ice-cold 95% ethanol for 30 sec and then washed in 75% ethanol for 30 sec. Tissue sections were stained in freshly filtered 1% cresyl violet solution in 75% ethanol for 1 min. Tissue sections were then dehydrated through 75% ethanol (30 sec) and 95% ethanol (30 sec), followed by two 30-sec and one 5-min incubation in anhydrous 100% ethanol. Slides were dried for 10 min at room temperature and stored in sealed containers at À808C until use. Laser capture microdissection (LCM; LMD7 microscope; Leica Microsystems) was used to visually identify the LE and GE, which were recorded separately from a single slide of three uterine sections for each animal. Slides were used for laser capture for 60 min and then discarded.
RNA Extraction and Sequencing of Isolated Endometrial LE and GE
Total RNA was extracted from cells collected from the LE and GE (n ¼ 5 animals per day per tissue) using RNeasy MinElute kit (Qiagen). The integrity and concentration of RNA was determined using an RNA 6000 Pico kit and Bioanalyzer 2100 (Agilent Technologies). A total of 10-24 ng of RNA was collected from each cell type for the uterus of each ewe. Prior to sequencing, 5 ng of total RNA was amplified using the RNA-Seq system V2 (catalog no. 7102; Ovation; Nugen). The resulting single-primer isothermal amplified cDNA was cleaned using the QIAquick PCR purification kit (Qiagen). The Ion Plus fragment library kit (Life Technologies) was used to construct Ion Proton sequencing libraries from single-primer isothermal amplified LCM cDNA (200 ng). Sonication (Bioruptor; Diagenode Inc.) was used to fragment the cDNA. End-repaired cDNA was purified using 1.03 v/v AMPure XP beads (BeckmanCoulter Genomics). Following barcode adapter ligation and seven cycles of amplification, the final libraries were size selected by capturing the fragments bound between 0.73 and 1.03 (v/v) AMPure XP beads. Emulsion PCR was performed using an Ion Chef instrument, using the Ion P1 Hi-Q reagents. Sequencing beads were quantified and evaluated by flow cytometry, using a Guava Easy Cyte (Millipore) with SYBR Gold (Molecular Bioprobes) before loading on an Ion P1 v3 semiconductor sequencing chip. Libraries were sequenced using an Ion Proton, using Ion P1 Hi-Q sequencing reagents and 520 flow cells (Life Technologies) by the Washington State University Molecular Biology and Genomics Core. Three barcoded libraries were pooled per P1 chip for sequencing. Base calling and primary analysis were performed using Torrent suite 4.6. software (ThermoFisher Scientific).
RNA Sequencing of Conceptuses
Day 12. Total RNA was extracted from Day 12 conceptuses (n ¼ 5), using the RNeasy Plus kit with on-column DNase digestion (Qiagen). Total RNA quality and quantity were determined using an RNA 6000 Pico kit and Bioanalyzer 2100 (Agilent Technologies). A total of 374-512 ng of RNA was collected from each individual conceptus (Supplemental Table S1 ; all Supplemental Data are available online at www.biolreprod.org). Prior to sequencing, 50 ng of total RNA was amplified using Ovation RNA-Seq system V2 (Nugen). Following amplification, libraries were constructed and sequenced at the University of Missouri DNA Core, following the manufacturer's protocol with reagents supplied in Illumina's TruSeq DNA PCR-Free sample preparation kit (catalog no. FC-121-3001). Briefly, cDNA (0.5 lg) was sheared using standard methods (Covaris, Inc.) to generate average fragmented sizes of 350 bp. The resulting 3 0 and 5 0 overhangs were converted to blunt ends by an end-repair reaction, which uses a 3 0 to 5 0 exonuclease activity and polymerase activity. A single adenosine nucleotide was added to the 3 0 end of the blunt fragments, followed by ligation of Illumina indexed paired-end adapters. The adaptor ligated library was purified twice with sample purification beads and quantified using the KAPA library quantification kit (catalog no. KK4824; Kapa Biosystems, Inc.), and library fragment size was confirmed using the fragment analyzer (catalog no. DNF-472; Advanced Analytical Technologies, Inc.). Libraries were diluted and sequenced as 100-bp paired-end sequences (HiSeq 2500 platform; Illumina). Days 14, 16, and 20. Total RNA was extracted from conceptuses (n ¼ 5 per day) and quality checked as described for Day 12 conceptuses (Supplemental Table S1 ). RNA samples were enriched for mRNA by selective depletion of ribosomal RNA, using RiboMinus Eukaryote kit for RNA-Seq (catalog no. A1083708; Thermo Fisher Scientific Inc.). Libraries were prepared and sequenced by Global Biologics LLC. Ribosome-depleted RNA was used as input for the TruSeq stranded mRNA HT library construction procedure (Illumina). Prior to sequencing, RNA was fragmented, and RT primers were hybridized for cDNA synthesis. The resulting cDNA was prepared for sequencing by 3 0 adenylation, adapter ligation, and PCR amplification (988C for 30 sec; 14 cycles of 988C for 10 sec, 608C for 30 sec, 728C for 30 sec; 728C for 5 min). Library validation was performed using a Fragment Analyzer (Advanced Analytical) with HiSens NGS reagents, followed by quantitation (catalog no. Q32851; Qubit HS DNA assay; Thermo Fisher Scientific, Inc.) and quantitative PCR (qPCR) library kit for Illumina platforms (Kappa Biosystems, Inc.). Libraries were pooled and sequenced as 100-bp paired-end sequences on the HiSeq 2500 platform (Illumina).
RNA Sequencing Data Analysis
Analysis of RNA-Seq system data was performed using the Genomics Server 6.0 and Genomics Workbench 7.0.4 (CLC bio). Ion reads were quality trimmed (error probability: 0.02) with default parameters. Illumina reads were quality trimmed (error probability: 0.001) with default parameters and 13 bp were removed from the 5 0 end of each read. All sequences were mapped to the O. aries genome (genome assembly: Oar_v3.1) using Ensembl version 75 annotations, requiring paired mapping and using reads per kilobase of transcript per million (RPKM) for expression values. Quality control was assessed with a boxplot of square root-transformed expression values verifying that all samples displayed similar distributions. Differential expression of genes was determined using the empirical analysis of digital gene expression method in CLC Genomics Workbench incorporated from edgeR Bioconductor software. A list of all expressed genes was extracted by filtering the results table at RPKM !5 for at least one sample group. Genes were filtered (false discovery rate [FDR] , P , 0.05 and !2 fold-change), expression was log 2 transformed, and sample clustering was confirmed by principal component analysis. Raw FASTQ files were deposited in NCBI Gene Expression Omnibus (accession number: GSE87017).
The list of differentially expressed genes (DEG) from all days and tissues were used for K-means clustering. Transformed expression values (log 2 RPKM) were clustered by Euclidian distance, using the hierarchical clustering of features tool in Genomics Workbench (CLC). The heat maps were used for preliminary assessments of the number of gene clusters. The K-means BROOKS ET AL.
clustering tool in Genomics Workbench (CLC) was run using the same input with partitions set to the number of clusters visualized. Transformed group means were used for clustering by Euclidian distances.
Endogenous retroviral elements from the Jaagsiekte sheep retrovirus (enJSRV) and syncytin envelope (Env) protein (SYN_RUM1) are not currently annotated by RefSeq or Ensembl. Thus, expression was calculated for those endogenous retroviral elements by using the following strategies. The coding sequence for the O. aries SYN-RUM1 envelope protein (JX412969.1) from NCBI was used as input for a BLAST-like Alignment Tool search of the Oar_v3.1.84 genome at Ensembl [23] . The top three matches by E-value were selected as potential endogenous SYN-RUM1 env genes. All reads mapped to the genome for RNA-sequencing were exported from CLC Genomics Workbench (8.5.1) as BAM files. Due to the number of endogenous Jaagsiekte sheep retrovirus (enJSRV) genomic integrations, the exogenous JSRV (NCBI accession no. NC_001494.1) genome was downloaded and unmapped reads from conceptus RNA-sequencing samples were mapped to the exogenous genome with Genomics Workbench (CLC). Mapped reads were exported in binary alignment map (BAM) format. BAM files were sorted and indexed using samtools (1.3) [24] . BEDtools2 multicov (2.19.0) [25] was used to extract read counts per sample with BED files listing gene intervals. Read counts were then normalized and reported as counts per million (CPM) mapped reads.
Heat maps were generated in R version 3.2.3 software, using the pheatmap version 1.0.8 function. Expression values, RPKM or CPM, were log 2 transformed and manually sorted for input. The matrices were supplied to pheatmap with options for row and column clustering set to false and exported as portable document files.
Ingenuity Pathway Analysis
Identification of enriched pathways in the LE, GE, and conceptus was conducted using Ingenuity Pathway Analysis (IPA; Qiagen) software. For each day, a list of genes which were differentially expressed compared to those from the previous collected time point (.2-fold change, P , 0.05) were uploaded to the IPA tool. Genes were overlaid onto the IPA global molecular network to create gene networks from information contained in the Ingenuity Knowledge Base. IPA functional analysis tools identified the biological functions and/or pathways that were most significant to the data set (P , 0.05) according to a right-tailed Fisher exact test.
Liquid Chromatography Mass Spectrometry Analysis
Proteins were precipitated from the ULF samples using the ProteoExtract protein precipitation kit (Calbiochem). The protein pellet was then solubilized in 100 ll of 6 M urea. Dithiothreitol (DTT; 200 mM) was added to a final concentration of 5 mM, and samples were incubated for 30 min at 378C. Next, 20 mM iodoacetamide (IAA) was added to a final concentration of 15 mM and incubated for 30 min at room temp, followed by the addition of 20 ll of DTT to quench the IAA. Trypsin/Lys-C (Promega) was added to the sample and incubated for 4 h at 378C. Samples were then diluted to at least 1 M urea by the addition of 50 mM AMBIC and digested overnight at 378C. The following day, samples were desalted using Macro Spin column (Nest Group).
Digested peptides were analyzed using liquid chromatography-tandem mass spectrometery (LC-MS/MS; Q Exactive Orbitrap mass spectrometer; Thermo Scientific; in conjunction with Proxeon Easy-nLC II high-performance liquid chromatography and Proxeon nanospray source; Thermo Scientific). The digested peptides were loaded into a 100-lm 3 25-mm Magic C 18 100-Å 5U reverse-phase trap where they were desalted online before being separated using a 75-lm 3 150-mm Magic C 18 200-Å 3U reverse-phase column. Peptides were eluted using a 90-min gradient with a flow rate of 300 nl per min. A MS survey scan was obtained for the m/z range 300-1600; MS/MS spectra were acquired using a top 15 method, where the top 15 ions in the MS spectra were subjected to high-energy collision dissociation. An isolation mass window of 2.0 m/z was used for the precursor ion selection, and normalized collision energy of 27% was used for fragmentation. A 5-sec duration was used for the dynamic exclusion.
Tandem mass spectra were extracted and charge state deconvoluted using proteome Discoverer (Thermo Scientific). All MS/MS samples were analyzed using X! Tandem (Tornado version 2013.02.01.1; Global Proteome Machine [GPM; thegpm.org]). X! Tandem was set up to search O. aries proteome database, the cRAP database of common laboratory contaminants (www. thegpm.org/crap; 114 entries) plus an equal number of reverse protein sequences, assuming the digestion enzyme trypsin. X! Tandem was searched using a fragment ion mass tolerance of 20 parts per million (ppm) and a parent ion tolerance of 20 ppm. The IAA derivative of cysteine was specified in X! Tandem as a fixed modification. Deamidation of asparagine and glutamine, oxidation of methionine and tryptophan, sulfone of methionine, tryptophan oxidation to formylkynurenine of tryptophan, and acetylation of the N terminus were specified in X! Tandem as variable modifications.
Scaffold (version 4.0.6.1; Proteome Software Inc.) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they exceeded specific database search engine thresholds. X! Tandem identifications required at least [minus]log (expect scores) scores of greater than 1.2 with a mass accuracy of 5 ppm. Protein identifications were accepted if they contained at least two identified peptides. Using the parameters above, the decoy FDR was calculated to be 1.1% on the protein level and 0.0% on the spectrum level [26] . The minimum number of unique peptides was set at 2 in order for a protein to be identified. Peptide threshold was set at 95% peptide probability, with þ2 accepted charge, and parent mass tolerance of 10 ppm. Further analysis was conducted using peptides identified as exclusive and unique to each protein following the removal of protein clusters. Additional filtering of proteins with four or more total spectral counts in at least 4 of the 5 samples was applied to compile final lists. Total spectrum counts for proteins were used for comparisons and statistical analysis. The FDR was adjusted using the Benjamini-Hochberg procedure to identify significance based on Fisher exact test results. To determine the potential origin of proteins in the ULF, the proteomic data was cross-referenced with transcriptome data from the LE, GE, and conceptus. A list of proteins identified in the ULF (.10 average spectral counts) and their expression in either the LE, GE, or conceptus (RPKM .5) were used for further analysis.
RESULTS
Gene Expression in Uterine Epithelium and Conceptus
Transcriptional profiling of LCM-isolated uterine LE and GE as well as intact conceptuses was conducted using RNA sequencing. Sequencing of the libraries yielded more than 18.3, 18.1, and 43.5 million quality reads for the LE, GE, and conceptus samples, respectively. Based on average RPKM values of less than 5, 77%, 74%, and 62% of genes were not expressed in the LE, GE, and conceptus. Genes were filtered at a total normalized count cutoff of 5 before fitting the data into a negative binomial distribution, estimating dispersions and using the exact test implemented in edgeR.
Luminal epithelium. Between Days 10 and 20, the total number of expressed genes (RPKM . 5) in the LE increased from 3108 to 4172 (Figs. 1 and 2, Table 1, Supplemental Table  S2 ). Between Days 10 and 12, expression of 9 genes decreased, and 12 genes increased (P , 0.05, . 2-fold). From Days 12 to 14, 522 genes increased, and 171 genes decreased. Similarly, expression of 138 genes increased, whereas that of 202 decreased from Days 14 to 16. From Days 16 to 20, expression of only 1 gene increased, whereas the expression of 2 genes decreased. The top 10 most abundantly expressed genes in the LE, excluding ribosomal proteins, included IFI6, RBP4, UBA52, PFN1, CST6, S100A2, TXN, COX6B1, OST4, and NUPR1.
Glandular epithelium. As shown in Figures 1 and 2 and summarized in Table 2 , the total number of genes expressed (RPKM . 5) in the glandular epithelium (GE) increased from 4409 to 5194 from Days 10 to 14 and then decreased from Days 14 to 20 (4316) (Supplemental Table S3 ). Few genes changed (P , 0.05, . 2-fold) between Days 10 and 12 (18 increased, 43 decreased), but abundant differences between Days 12 and 14 were observed, with 833 genes increased and 231 decreased. From Days 14 to 16, 246 genes increased and 643 decreased in the GE. However, expression of only a few genes changed in the GE from Days 16 to 20 (11 increased, 4 decreased). In the GE, the top 10 most abundantly expressed genes were S100G, GRP, IFI6, B2M, SERPINA14, ND2, RHOBTB3, RPL31, MT-ND5, NUPR1 and PABPC1.
Conceptus. The total number of genes expressed (RPKM . Individual heat maps were created for genes expressed in the conceptus incorporating known genes, genes implicated in trophoblast growth, BNC formation and placentation, genes of interest, and genes from endogenous retroviruses (Fig. 2) . The envelope (env) sequence of the endogenous Jaagsiekte sheep retrovirus (enJSRVs env) was most abundant on Day 12 (3037 CPM) and decreased on Day 14 (246 CPM), Day 16 (96 CPM) and Day 20 (29 CPM) (Fig. 2D) . Expression of SYN-RUM1 at two genomic locations were identified in the Day 16 and Day 20 ovine conceptus. Expression of the retroviral envelope protein syncytin (SYN-RUM1) increased from Days 12 (2 CPM) to 20 (37 CPM).
Ingenuity Pathway Analysis
Ingenuity Pathway Analysis was used to identify enriched cellular processes in the uterine epithelia and conceptus across days based on differentially expressed genes (Table 4,  Supplemental Table S5 ). In the LE from Days 10 to 12, DEGs were involved in organismal development, inflammatory response, and molecular transport processes. From Days 12 to 14, DEGs were involved in lipid metabolism, cellular movement, cell death and survival, and cellular development. From Days 14 to 16, DEGs were involved in cell signaling, cellular assembly and organization, post-translational modifications, and protein synthesis. The DEGs in the LE from Days 16 to 20 were involved in lipid metabolism, small molecule biochemistry, and molecular transport.
In the GE from Days 10 to 12, IPA analysis found that pathways for cell death and survival, cell morphology, cell-tocell signaling and interactions, and cellular function and maintenance were enriched in the DEGs. From Days 12 to 14, DEGs were involved in cellular movement, cell death and survival, cellular growth and proliferation, and protein synthesis. From Days 14 to 16, DEGs were involved in molecular transport, protein synthesis, cell function and maintenance, post-transcriptional modifications and RNA trafficking. From Days 16 to 20, DEGs were involved in cellular growth and proliferation, tissue development, and molecular transport.
In the conceptus, enriched pathways between Days 12 and 14 included cell death and survival, cellular assembly and organization, gene expression, and protein synthesis. From Days 14 to 16, the pathway for cell death and survival was again enriched as was cellular growth and proliferation, protein synthesis, and cell cycle. In the conceptus from Days 16 and 20, additional pathways such as cellular morphology, cellular development, and molecular transport were enriched.
Gene Expression Clusters in the LE, GE, and Conceptus
K-means cluster analysis was used to group genes with similar expression profiles across time points in the LE and GE (12 clusters) and conceptus (15 clusters) (Fig. 3 , Supplemental Table S6 ). In the LE, cluster 5 was composed of genes whose FIG. 1. Gene expression changes in the LE (A), GE (B), and conceptus (C). Genes expressed in the isolated LE and GE or conceptus from pregnant ewes as determined using the RNA-Seq system (RPKM cutoff of 5). Bar graphs represent the number of genes whose expression increased or decreased (RPKM .5; FDR: P , 0.05; .2-fold change) from the previous day. Representative list of genes with expression changes between days is included in Tables 1, 2, and 3, and a complete list of  genes is shown in Supplemental Tables S2, S3 , and S4.
BROOKS ET AL. Similar expression patterns were seen in the GE (Fig. 3B) . Genes whose expression patterns peaked at Day 14 but remained elevated on Days 16 and 20 (cluster 1) included FGF10, ING1, and PAOX. In cluster 3, grouped genes whose expression remained elevated on Days 10 to 14 until decreasing on Day 16 to 20 included SOX17, NUDT18, and APOE. Genes whose expression increased across all days were grouped in cluster 7, including OAS1 and OAS2 and ISG17 and IRF7. In cluster 10, genes whose expression remained low until Day 14 and then increased included GRP, OST, and SERPINA14.
In the conceptus, genes whose expression was lowest on Day 14 but then increased by Day 16 were identified in cluster 4 and included CLDN8, SOD3 and ZCCHC16 (Fig. 3C) . Cluster 9 included genes whose expression continuously increased between Day 12 and 20, including PEG10, HGF and PGF. Gene expression changes which increased from Days 10 to 14 and remained elevated were identified in cluster 12, including PRSS46, PARVG and PSCA. Additionally, genes whose expression peaked at Day 14 and then decreased on Day 16 and 20 included LPCAT3, FADS2, IFNT and TEX11 in cluster 14.
ULF Proteome
Proteins in the ULF were identified and quantified using mass spectrometry. This approach detected (.10 spectral counts) more than 1400 proteins in the ULF. As expected, the most predominant protein in all samples was serum albumin. On Day 10, the ULF contained 79 proteins which increased on Day 12 to 102 proteins, 167 proteins on Day 14, and 201 on Day 16 (Fig. 4A , Table 5, Supplemental Table S7 ).
Analyses found 14 proteins whose abundance changed (.2-fold; P , 0.05) in the ULF between Days 10 and 12 (Fig. 4 , B and C, Table 5, Supplemental Table S7 ). Between Days 12 and 14, the abundance of 53 proteins changed in the ULF with 58 proteins different between Days 14 and 16 (Fig. 4B) . To further understand protein abundance changes between days, proteins that were absent on the previous day but were identified on the latter (Fig. 4C, light bar) were distinguished from those previously present but whose abundance changed (Fig. 4C,  dark UTERINE TRANSCRIPTOME AND LUMINAL FLUID PROTEOME present in the Day 14 but not in the Day 16 ULF included ENO1, IL1R2, GC, HSPA8, PGK1 and CST3. To determine the potential origin of proteins in the ULF, proteomic data were integrated with transcriptome data. A selection of proteins identified in the ULF (.10 average spectral counts) and expression of their genes in the LE, GE, or conceptus (RPKM . 5) are presented in Figure 5 . In Day 10 ULF, ACTG and TMSB4Y were expressed more abundantly by the GE, whereas EFEMP1, GAPDH, and HEXB were more predominantly expressed by the LE. In Day 12 ULF, ANXA1, B2M, and BCL2L15 were expressed in the LE, whereas MEP1B and CLU1 were more abundant in the GE. The Day 12 conceptus had abundant GAPDH, KRT8, and HSPA8 expression, and the encoded proteins were also present in the ULF. On Day 14, BCL2L15 was expressed in the LE, as was CST6, CTSL1, and RBP4. As expected, IFNT was present in the Day 14 ULF and was IFNT was expressed exclusively in the conceptus. Additional genes expressed by the conceptus and identified in the ULF included KRT8 and an inhibitor of PLA2 (iPLA2). ALPL, CP, and MEP1B in Day 14 ULF were likely of GE origin. On Day 16 of pregnancy, IFNT continued to be abundant in the ULF, as did KRT8 and iPLA2 from the conceptus. Gene expression levels of CST3, CST6, and CTSL1 continued to increase in the LE on Day 16 and the encoded proteins were present in the ULF.
To determine whether transcriptomic changes in the LE, GE, and conceptus contributed to changes in the ULF proteome, protein abundance across Days of pregnancy was compared to the transcriptome data for select genes (Fig. 6) . The dynamics of changes in protein abundance and gene expression across days of pregnancy are presented using two y axes, one for RPKM of gene expression and one for spectral counts of protein abundance. In the ULF, the abundance of CST3 increased from 28 to 146 total spectral counts between Day 12 and 14 and then decreased to 50 spectral counts on Day 16. The expression of CST3 in the LE followed a similar pattern, increasing from Day 12 to 14 and then decreasing on Days 16 and 20. The expression of CP by both the LE and GE on Days 10 and 12 is reflected in CP abundance in the ULF. As CP expression decreased in the LE between Days 12 and 14, protein abundance in the ULF also decreased from Day 12 to 16. Peak IGFBP1 abundance in the ULF occurred on Day 14 (38 total spectral counts), concurrent with the expression of IGFBP1 in the LE. The abundance of HEXB in the ULF was also greatest on Day 14 (147 total spectral counts), although the expression of HEXB was higher on Day 12 (403 RPKM) and Day 16 (497 RPKM) than on Day 14 (258 RPKM). PSAP3 was expressed by the LE, GE, and conceptus during early pregnancy, with peak protein abundance in the ULF on Day 14 (59 total spectral counts). Expression of PSAP3 was most abundant in the GE (123 RPKM) and the conceptus (114 RPKM) on Day 14, and expression by the conceptus continued to increase from Day 14 to 20 (217 RPKM). The abundance of WFDC2 in the ULF was highest on Day 10 (101 total spectral counts) and decreased to 22 total spectral counts on Day 16. Expression of WFDC2 by the LE and GE followed a similar pattern, decreasing from Day 10 (LE 94 RPKM) to 16 (LE 22 RPKM), although expression in the conceptus increased from Day 14 (31 RPKM) to 16 (124 RPKM) with no increase seen in protein abundance.
DISCUSSION
Dynamic changes in the uterine epithelial and conceptus transcriptome were observed in the present study in association with the onset of rapid trophectoderm growth needed for conceptus elongation. This result was expected based on candidate gene and microarray studies of endometria and conceptuses from sheep during the peri-implantation period of pregnancy [27] [28] [29] [30] . Available evidence strongly supports the idea that uterine epithelial gene expression during establishment of pregnancy in ruminants is principally regulated by progesterone from the ovary and factors from the developing conceptus. After ovulation, the ovarian corpus luteum forms, and progesterone induces a number of genes in the uterine LE and GE implicated in conceptus elongation and implantation. Next, factors from the mononucleate trophectoderm cells (PGs, IFNT, cortisol) and trophoblast giant BNC (placental lactogen or CSH1 and placenta growth hormone or GH) of the conceptus act on the uterine epithelia. Factors from the conceptus act on the uterus to stimulate some of the progesterone induced elongation-and implantation-related genes in the uterine LE and GE as well as induce or upregulate additional progesterone-independent genes such as ISGs. The outcome of dynamic changes in the uterine epithelial transcriptome is modification of the ULF milieu and subsequent effects on conceptus survival, elongation, and implantation. BROOKS ET AL.
FIG. 3. Gene expression profiles in the LE (A), GE (B)
, and conceptus (C) assessed by K-means clustering. Gene clusters were identified using K-means clustering of RNA-Seq system data into 12 partitions for LE and GE and 15 partitions for conceptus. Four representative clusters are presented for each cell or tissue type. Genes present in each cluster are listed in Supplemental Table S6 .
This study provides critical information that serves as a foundation for future studies aimed at discovering new regulatory pathways governing uterine receptivity, conceptus elongation, trophectoderm differentiation, conceptus-endometrium interactions, and pregnancy establishment in ruminants. The design of this study, incorporating LCM to isolate the LE and GE from the ovine uterus, provides important cellspecific information that can be obscured in transcriptome analysis of the whole endometrium, because it contains many different cell types including a preponderance of stroma and endothelium. One caveat of the approach is that LCM yields low amounts of RNA, which necessitated use of an amplification step prior to library construction and sequencing. The chosen whole-genome amplification system is rapid and sensitive and eliminates the need for poly(A) selection or rRNA depletion. Similarly, the Day 12 conceptuses yielded low amounts of RNA and necessitated use of whole-genome amplification prior to library construction. As with any amplification procedure, some bias is unavoidable, and lowabundance transcripts may not be amplified in a robust manner. The approach to studying the ULF proteome using nano-LC-MS/MS is comprehensive but the preponderance of albumin and other serum-derived proteins decreases the ability to identify low-abundance proteins. Additionally, analysis of transcriptomic and proteomic data is dependent on the quality of genome and proteome annotation. Nevertheless, RNA sequencing data generated by this approach here confirmed previously reported studies using a number of different quantification methods including RNA blots, real-time PCR, and in situ hybridization [27] [28] [29] [30] .
The LE performs a number of different functions important for establishment of pregnancy. First, it regulates attachment of the mononuclear trophectoderm cells to the uterus [31] . Transient attachment of the trophectoderm to the LE is likely a key component of trophoblast outgrowth and migration needed for growth and elongation of the conceptus. Second, changes in LE gene expression between Days 10 and 12 presumably drive initial growth of the hatched blastocyst into an ovoid conceptus prior to rapid trophoblast elongation that begins on Day 13 [28, 29, 32] . Progesterone changes the LE transcriptome and induces expression of many genes between Days 10 and 12 or 14. Those elongation-and implantationrelated genes encode enzymes (HSD11B1, PTGS2) that produce bioactive factors, secreted proteins (GRP, LGALS15), proteases and protease inhibitors (CST3, CST6, CTSL1), binding proteins (IGFBP1), and transport proteins for glucose (SLC2A1, SLC5A1, SLC5A11) and amino acids (SLC7A2) [27] [32] . The present study confirmed the known temporal alterations in expression of many of those genes (Supplemental Table S2 ). Furthermore, an increased amount of the encoded proteins was found in the ULF for many of the upregulated LE genes. For example, the CST3 and IGFBP1 proteins increased in the ULF between Days 10 and 12, and the CST3, IGFBP1, and CST6 proteins increased in the ULF between Days 12 and 14 (Supplemental Table S7 ).
A number of novel LE-derived factors can be acquired from the present study that may play a role in epithelial cell function and conceptus elongation based on their known or purported biological functions to regulate cell proliferation, migration, attachment, and/or differentiation. For instance, AGR2 expression was upregulated in the LE between Days 10 and 12. AGR2 is a proto-oncogene that encodes a secreted protein with biological roles in cell survival, migration, differentiation, and growth and is also implicated in epithelial barrier function and integrity [18] . FURIN expression was upregulated between Days 12 and 14 and encodes a type 1 membrane-bound protease that processes protein and peptide precursors trafficking through the secretory pathway. Some of its substrates include proparathyroid hormone, transforming growth factor beta 1 precursor, proalbumin, pro-beta-secretase, membrane type-1 matrix metalloproteinase, beta subunit of pro-nerve growth factor, and von Willebrand factor [33] . PAPPA was upregulated between Days 12 and 14; it encodes a secreted metalloproteinase which cleaves insulin-like growth factor binding proteins (IGFBPs) and is thought to promote cell proliferation [34] . Between Days 14 and 16, a number of interesting genes were upregulated including prolactin-induced protein (PIP) and mucin 20 (MUC20). PIP has the ability to bind immunoglobulin G (IgG), IgG-Fc, and CD4-T cell receptor, suggesting a wide range of immunological functions [35, 36] ; it also exerts aspartyl proteinase activity and is able to cleave fibronectin, a glycoprotein of the extracellular matrix which bind to integrins [37, 38] . MUC20 encodes a member of the mucin protein family implicated in inhibiting trophoblast invasion during implantation in domestic animals, mice, and humans [39] [40] [41] . A smaller number of genes were upregulated in the LE between Day 16 and 20 including C11orf34 (PLET1). Placenta-expressed transcript 1 (PLET1) is expressed only in the LE of the bovine uterus [42] and is an epigenetically regulated cell surface protein that provides essential cues to direct trophoblast stem cell differentiation [43] .
The glands of the uterus are unequivocally required for pregnancy in sheep [44] . Adult UGKO sheep are infertile and exhibit recurrent pregnancy loss, thereby revealing an essential role for uterine glands and their secretions in survival and development of the conceptus [4, 10] . Morphologically normal blastocysts were present in the uterus of UGKO sheep after mating on Day 9, but conceptuses were absent or severely growth-retarded when assessed on Day 14 post mating [44] . The lack of conceptus survival and elongation in UGKO ewes was hypothesized to result from the absence of specific secretions normally produced by the uterine glands. Consequently, secretions of the GE have a primary influence on survival and growth of the hatched blastocyst after Day 9. Similar to the LE, available studies support the idea that progesterone induces and conceptus factors, such as CSH1 and PAGs, stimulate a number of genes in the GE of the ovine uterus [45, 46] . Given that the surface area of the GE substantially exceeds that of the LE, the GE is likely to be the major epithelial cell type impacting conceptus growth and development. Furthermore, the LE disappears from much of the endometrium by Day 20 [47] .
Although the uterine glands are of paramount importance for conceptus survival and elongation, our knowledge of the UTERINE TRANSCRIPTOME AND LUMINAL FLUID PROTEOME GE transcriptome and ULF histotroph is minimal [2] . Over the past decade or so, studies found that the uterine glands express genes that encode secreted factors (CTGF, GRP, WNT11), amino acid transporters (SLC1A1, SLC1A4, SLC1A5, SLC7A1, SLC7A2, SLC7A5, SLC7A8, SLC43A2), glucose transporters (SLC2A1, SLC2A5, SLC2A12, SLC5A1, SLC5A11), secreted migration and attachment factors (SPP1), a regulator of calcium/phosphate homeostasis (stanniocalcin one or STC1), secreted peptidases (CTSH, CTSL, CTSS, CTSZ), secreted protease inhibitors (CST3, CST6), and an immunomodulatory factor (SERPINA14 also known as uterine milk protein or uterine serpin) (for review see [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] ). The present study confirmed the temporal alterations in expression of many of those GE genes. Further, the expression of classical IFNT-stimulated genes (ISGs) was observed in the GE, but not LE, after Day 12 [59, 60] . IFN regulatory factor 2 (IRF2), a potent transcriptional repressor of ISG expression, is specifically expressed in the LE and restricts IFNT induction ISGs to the GE, stroma and myometrium during early pregnancy in sheep [61, 62] . Many of the known GE-expressed genes encode proteins hypothesized to alter the ULF by increasing select amino acids, glucose, cytokines, and growth factors (Supplemental Table S7 ). The net result of the dynamic changes in uterine epithelial gene expression during early pregnancy is the production of secreted factors in the ULF that support blastocyst survival and growth into an ovoid conceptus and elongation. The present study identified many new genes in the GE that likely have a role in epithelial cell function and conceptus elongation based on their known or proposed biological functions (Supplemental Table S3 ). For instance, between Days 10 and 12, a number of genes were induced or increased in the GE, including MEP1B and SCGN. MEP1B is a secreted zinc metalloendopeptidase that is abundantly expressed in epithelial cells, particularly in the intestine and kidney (for review see [63] ). MEP1B protein increased substantially in the ovine ULF between Day 10 and 12 (Supplemental Table S7 ). In the bovine uterus, MEP1B was expressed only in the GE and upregulated by progesterone by Day 13 [64] . Cleavage of MEP1B substrates can lead to their degradation or activation. Substrates for enzymatic cleavage by MEP1B included SPP1 and GRP, which are known components of ULF in sheep. SCGN encodes a secreted calcium-binding protein related to calbindin D-28K and calretinin and involved in calcium flux and cell proliferation [65] . Between Day 12 and 14, a large number of genes were upregulated in the GE, including CLEC4F, CTGF, and LGALS3BP (Supplemental Table S3 ). CLEC4F encodes a member of the C-type lectin/C-type lectin- like domain (CTL/CTLD) superfamily that have diverse functions, such as cell adhesion, cell-cell signaling, and glycoprotein turnover and roles in inflammation and immune response [66] . CTGF mediates heparin-and divalent cationdependent cell adhesion in many cell types and enhances fibroblast growth factor-induced cell proliferation. In the pig uterus, CTGF is expressed in the LE and GE, and CTGF is a component of ULF [67] . LGALS3BP is part of a family of beta-galactoside-binding proteins implicated in modulating cell-cell and cell-matrix interactions. It appears to be implicated in immune response associated with natural killer and lymphokine-activated killer cell cytotoxicity. Of note, LGALS3BP protein increased in ULF between Days 12 and 14 (Supplemental Table S7 ). UTERINE TRANSCRIPTOME AND LUMINAL FLUID PROTEOME A number of genes were also increased between Day 14 and 16 in the GE including S100G (Supplemental Table S3 ). S100G encodes calbindin D9K, a vitamin D-dependent calcium-binding protein that increases calcium absorption and transport in the intestine [68] . A smaller number of genes increased in the GE between Days 16 and 20, including INHBA and SEC11C (Supplemental Table S3 ). SEC11C is a component of the microsomal signal peptidase complex which removes signal peptides from nascent proteins as they are translocated into the lumen of the endoplasmic reticulum. INHBA encodes a beta subunit that combines with an alpha subunit to form a pituitary follicle-stimulating hormone (FSH) secretion inhibitor [69] . The beta A subunit can also form a homodimer, activin A, and also joins with a beta B subunit to form a heterodimer, activin AB, both of which stimulate FSH secretion. Of note, INHBA was recently found to be upregulated during early pregnancy in the endometrium and expressed only the GE of the Day 18 pregnant sheep uterus [70] . An increased understanding of GE-expressed genes should discover important pathways regulating conceptus elongation and trophectoderm differentiation for implantation.
Conceptus growth and differentiation during the periimplantation period of pregnancy is undoubtedly regulated by both extrinsic and intrinsic factors involved in cell growth and migration, changes in cell morphology, and cellular differentiation. Extrinsic influences on conceptus elongation, and implantation include factors emanating from the endometrium that are primarily regulated by progesterone and paracrine effects of conceptus-derived factors such as PGs, IFNT, cortisol, CSH1 and GH. Intrinsic factors are not well defined, but likely include transcription factors and autocrine acting factors. This study provides the first comprehensive analysis of the conceptus transcriptome in sheep. The present study confirmed previous findings that IFNT and PTGS2 gene expression increased substantially in the conceptus between Day 12 and 14 and then declined by Day 20 [71] [72] [73] . IFNT is the maternal recognition of pregnancy signal in ruminants, and its effect on gene expression in the endometrium has been well defined in sheep [27, 74] . Prostaglandins produced by PTGS2 in the conceptus trophectoderm and endometrial LE play important roles in modulation of uterine epithelia and conceptus trophectoderm during the peri-implantation window [72, 73] . Both IFNT and PTGS2 are essential for conceptus elongation in utero [72, 75] . A large number of genes are induced or increased in the conceptus after Day 12 that include CLEC16A, EPN1, FABP5, FADS1, FADS2, and KRT8. CLEC16A regulates mitophagy, a selective form of autophagy necessary for mitochondrial quality control and health [76] . EPN1 encodes a protein that binds clathrin and is involved in the endocytosis of clathrin-coated vesicles. KRT8 plays a role in maintaining cellular structural integrity in epithelial cells and also functions in signal transduction and cellular differentiation [77] . FABP5 encodes a cytoplasmic fatty acid binding protein that bind long-chain fatty acids and other hydrophobic ligands, and FABPs have a role in fatty acid uptake, transport, and metabolism. FADS1 and FADS2 are members of the fatty acid desaturase (FADS) gene family that regulate unsaturation of fatty acids and may be important for production of PGs [78] . Prostaglandins produced by the elongating conceptus regulate a subset of endometrial epithelial elongation, and implantation related genes in sheep [73] . Lipid transport and metabolism is likely important in the elongating conceptus, as lipids are needed for prostaglandin synthesis and growth of the trophectoderm.
An increased understanding of transcription factors and RNA binding proteins expressed in the developing conceptus is expected to reveal novel intrinsic regulators of conceptus growth for trophoblast elongation and differentiation. One of the most abundant factors in the Day 14 conceptus was RAN, a small GTP binding protein from the RAS superfamily that is essential for the translocation of RNA and proteins through the nuclear pore and also involved in control of DNA synthesis and cell cycle progression [79] . Four members of the DE-AD-box RNA helicase family (DDX1, DDX5, DDX17, DDX54) were expressed in the conceptus; those proteins are implicated in a number of cellular processes including translation initiation and RNA splicing [80] and involved in embryogenesis and cellular growth in mice [81] . Expression of several transcription factors (ATF4, ATF6, CDX2) increased in the elongating conceptus. In human pregnancies, ATF4 regulates the expression of placental growth factor (PGF) which is homologous to vascular endothelial growth factor [82] . In mice, CDX2 controls cell differentiation in the trophectoderm [83] . Interactions between CDX2, ETS2 and JUN regulate expression of IFNT in the ovine trophectoderm [84] .
Between Day 14 and 16, BNCs begin to differentiate from the mononuclear trophoblast cells within the conceptus [6] . BNCs are important for placentation in sheep, as they migrate and fuse with the LE and each other to form multinucleated syncytia that form the foundation of the placental cotyledons that interdigitate with endometrial caruncles to form placentomes for hematotrophic nutrition of the conceptus. They also express a number of unique genes that encode secreted factors such as CSH1 (placental lactogen), pregnancy associated glycoproteins (PAGs) and progesterone. Those secreted BNC-derived factors act on the endometrial GE as well as other endometrial cell types and maternal tissues to regulate maternal adaptations to pregnancy. In the present study, expression of CSH1 increased (70-fold) between Day 16 and 20, and CSH1 was shown to act synergistically with progesterone and IFNT to promote GE hypertrophy and secretory function [19] . The function of PAGs is not known, but they are released into the maternal blood circulation after Day 20 and can be used as a pregnancy test in cattle [5] . Levels of PAG4, PAG6, and PAG11 expression increased substantially from Day 16 to 20. GCM1 expression increased 25-fold between Day 16 and 20; it encodes a DNA-binding protein that is necessary for placental development in mice. GCM1 is expressed in the labyrinth in differentiated syncytiotrophoblast cells and is involved in chorioallantoic branching morphogenesis and syncytiotrophoblast differentiation [85] . The conceptus transcriptome determined in the present study can be used to identify new intrinsic factors and pathways regulating trophectoderm growth and differentiation.
Expression of endogenous retroviral elements in the placenta occurs in multiple species [86] . An endogenous retroviral envelope protein, termed syncytin, is expressed in the placentae of humans and mice and a number of other species. In mice and humans, syncytin is involved in fusion of the cytotrophoblast cells to form the syncytial layer of the placenta [87] [88] [89] [90] [91] . In sheep, syncytin is termed SYN-RUM1. In the present study, expression of SYN-RUM1 was identified from two genomic locations in the Day-16 and Day-20 ovine conceptuses, which is consistent with the hypothesis that syncytin plays a role in trophoblast cell fusion to from BNC and multinucleated syncytia in ruminants [91] . Prior to identification of syncytins in ruminants, it was proposed that endogenous retroviruses have an important role in placental evolution [92] [93] [94] . Endogenous Jaagsiekte sheep retroviruses (enJSRVs) are expressed in both the conceptus trophectoderm and uterine epithelia during early pregnancy in sheep [95] . Several of the enJSRVs have a complete intact open reading BROOKS ET AL. frame for all genes including envelope (env), gag, pol, and protease [96] . The enJSRVs env mRNA and Env protein are expressed in mononuclear trophectoderm cells and are particularly abundant in the BNC and syncytial plaques of placentomes [95] . In the present study, expression of enJSRVs gag, protease, pol, and env genes was determined in the conceptus. Abundant expression of pol (31 CPM) and env (3038 CPM) was observed in the Day 12 and 14 conceptus. The enJSRVs env regulate mononuclear trophectoderm cell proliferation and perhaps trophoblast BNC differentiation [97, 98] . Transcriptomic data from the present study can be used to search for novel retroviral elements and retroviral-influenced genes that potentially regulate conceptus elongation, implantation, and placentation.
In summary, this study comprehensively determined genes in the uterine epithelia and conceptus and proteins in the ULF during the peri-implantation phase of pregnancy. The data serve as a foundation to discover novel regulatory pathways governing conceptus-endometrial interactions, conceptus elongation, trophectoderm differentiation, and establishment of pregnancy in ruminants. These studies are important, as the majority of pregnancy loss in ruminants occurs during the periimplantation period and is likely due to endometrial dysfunction or miscommunication between the developing embryo and the uterine environment [99, 100] . Furthermore, the transcriptome data from this study can be used to facilitate functional studies of genes in the conceptus using the CRISPR/ Cas9 system for genome engineering [101] . Such in vivo loss of function studies are required to further our understanding of the complex molecular and cellular events involved in conceptus elongation and placental differentiation.
